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However, despite the great advance these insights provide for our understanding of microbial 48 social interactions and community dynamics, most of the work carried out so far, with a few 49 notable exceptions 9,20,21 , stem from one type of siderophore (pyoverdine) produced by one type 50 of bacterium (fluorescent pseudomonads, particularly Pseudomonas aeruginosa). 51 52 This limitation prompted us to test whether the findings reported for P. aeruginosa are 53 generalizable and applicable to other bacterial systems. We thus set out to explore the social 54 role of the two siderophores, ornibactin and pyochelin, produced by Burkholderia 55 cenocepacia 22-24 . This bacterium is, like P. aeruginosa, an opportunistic pathogen that can 56 inhabit a wide range of environments 25, 26 . Using this study system, we repeated a number of 57 key experiments, which previously demonstrated the social nature of pyoverdine in P. 58 aeruginosa [27] [28] [29] [30] . Specifically, we carried out siderophore secretion and supernatant cross-59 feeding assays, and competed a siderophore-negative mutant against producer strains across a 60 4 range of conditions by manipulating competition time, culture mixing, strain density and 61 frequency. While our results revealed that both siderophores of B. cenocepacia are secreted 62 into the environment, we consistently found that only pyochelin but not ornibactin is an 63 exploitable public good in this species. 64 65 This surprising finding motivated us to investigate the molecular basis of why ornibactin cannot 66 be exploited in B. cenocepacia. We suspected that the genetic architecture of the siderophore 67 locus could play a key role in determining whether non-producers can exploit a specific 68 siderophore. Specifically, we predict that cheating relies on the independent regulation of 69 siderophore synthesis and receptor genes, which enables a strain deficient in siderophore 70 production to express the receptor required for siderophore uptake. Such an independent 71 regulation is indeed in place for pyoverdine in P. aeruginosa 31 . For B. cenocepacia, the 72 literature tells us that genes encoding the pyochelin synthesis machinery and the receptor are 73 organised in different operons 32 and might thus also be regulatorily independent. Conversely, 74 the ornibactin receptor gene is located downstream of the synthesis genes as part of the same 75 operon 22,32 , indicating strong positive regulatory linkage between siderophore synthesis and 76 uptake. Here, we use a combination of gene expression analysis and strain engineering to test 77 whether a deletion in a synthesis gene, which turns a producer into a non-producer, negatively 78 affect the expression of downstream receptor genes, and thus compromise the evolutionary 79 success of non-producers. 80 81 Results 82 B. cenocepacia H111 secretes ornibactin and pyochelin into the media. We used B. 83 cenocepacia H111and its isogenic siderophore mutants 23 for all our experiments. We first used 84 the colorimetric CAS assay to confirm that the siderophores ornibactin and pyochelin are 85 5 produced and secreted into the extracellular growth medium under iron limitation in casamino 86 acid (CAA) medium ( Fig. 1a ). We indeed observed significant CAS activities in all producer 87 strains, although activities differed between them (ANOVA: F3,24 = 3482; p < 0.0001, Fig. 1b ). 88 CAS activity was highest for the wildtype supernatant followed by a stepwise decline from 89 H111∆pchAB (ornibactin producer) to H111∆orbJ (pyochelin producer). The higher CAS 90 activity for H111∆pchAB is probably due to ornibactin having a higher iron affinity than 91 pyochelin 33 . As expected, the supernatant of the siderophore-deficient strain 92 H111∆orbJ∆pchAB showed almost completely abrogated CAS activity. Altogether, these 93 results demonstrate that H111 secretes siderophores into the media, which can potentially be 94 shared as public good among cells.
96
Non-producers can freely use secreted pyochelin whereas access to ornibactin is 97 restricted. We collected the supernatants from siderophore-producing strains to test whether 98 the siderophore non-producer (H111∆orbJ∆pchAB) can use the secreted siderophores for 99 growth. We found that the growth of H111∆orbJ∆pchAB was stimulated in supernatants 100 containing siderophores ( Fig. 2a ), demonstrating that siderophores can be shared between cells. 101 However, there were significant donor effects with regard to the level of growth stimulation 102 (F4,27 = 96.5; p < 0.0001). While non-producer cells grew equally well in the supernatants from 103 the wild type and H111∆orbJ, stimulation was significantly compromised when grown in the 104 supernatant of H111∆pchAB (LM: t27 = 8.76; p < 0.0001). This result was a first indication that 105 ornibactin might be less accessible to non-producers than pyochelin. Our control experiments 106 confirmed that the observed growth stimulation was directly driven by siderophores, because 107 all effects disappeared when H111∆orbJ∆pchAB grew with supernatants without siderophores 108 ( Fig. 2b, F3 ,28 = 2.56; p = 0.0748) or in iron-rich medium, where siderophores are not required 109 ( Fig. S1 ).
6
Competition assays suggest that only pyochelin but not ornibactin is an exploitable 111 siderophore. An important feature of microbial cheating is that public good non-producers 112 perform poorly in monoculture, but can outcompete producers in mixed culture, where they 113 capitalize on the public goods produced by others 15 . To test these predictions, we first grew the 114 four strains as monocultures in CAA medium supplemented with either iron or a concentration 115 gradient of the synthetic iron chelator 2,2'-bipyridine. We found that the growth of the 116 siderophore non-producer (H111∆orbJ∆pchAB) became significantly compromised compared 117 to the siderophore producers as soon as the iron chelator was added ( Fig. S2 ). Next, we co-118 cultured the siderophore non-producer together with the siderophore producers (wild type, 119 H111∆orbJ or H111∆pchAB) across a range of culturing conditions ( Fig. 3) . We consistently 120 observed that the non-producer outcompeted the wildtype (F1,120 = 36.9; p < 0.0001) and the 121 pyochelin producer (H111∆orbJ; F1,119 = 471.3; p < 0.0001) under iron-limitation ( Fig. 3) , and 122 thus acted as a cheater. In stark contrast, the non-producer was unable to cheat on the ornibactin 123 producer (H111∆pchAB) and lost under all conditions ( Fig. 3 ; F1,128 = 235.5; p < 0.0001). In 124 iron-rich media, where siderophores are neither produced nor needed, the fitness differences 125 between the siderophore producers and the non-producer disappeared ( Fig. 3a-3c ).
127
Culturing conditions affect competition, but often differently as compared to the P. 128 aeruginosa pyoverdine system. Work on pyoverdine-sharing in P. aeruginosa showed that 129 longer culturing times can lead to more extreme fitness outcomes 28 . We found this to hold true 130 in two of our three competition experiments ( Fig. 3a-c) . In comparison to an experimental 131 time-course of 24 hrs, the relative fitness of the non-producer after 48 hrs was significantly 132 higher in competition with the wild type ( Fig. 3a ; F1,42 = 4.57; p = 0.0382), unchanged in 133 competition with the pyochelin producer H111∆orbJ ( Fig. 3b ; F1,41 = 0.002; p = 0.9578), and Shaking is supposed to increase the mixing of cells and public goods, and has been shown to 138 improve pyoverdine cheating abilities in P. aeruginosa 34 . We found the opposite to be the case 139 for the Burkholderia siderophores ( Fig. 3d Previous work indicated that non-producers can exploit siderophores under static conditions 145 more efficiently at high cell density 21, 27 . We found that cell density at inoculation had no or 146 only a minor effect on the relative fitness of the non-producer ( Fig. 3g , against wild type: t100 147 = 1.04; p = 0.3021; Fig. 3h , against H111∆orbJ: t97 = -3.02, p = 0.0031; Fig. 3i , against 148 H111∆pchAB: t100 = -0.518, p = 0.6062). 149 150 Finally, it was reported that P. aeruginosa pyoverdine non-producers were more successful at 151 outcompeting producers when rare 27 . When probing for this relationship in our Burkholderia 152 system, we observed the opposite pattern in two out of three cases: non-producers experienced 153 significantly higher relative fitness advantages when more common in competition against the 154 wildtype ( Fig. 3j ; F1,30= 46.2, p < 0.0001) and the pyochelin producer H111∆orbJ ( Fig. 3k ; 155 F1,29= 226.6, p < 0.0001). In the latter case, the non-producer even lost the competition at initial 156 frequencies smaller than 10%. In competition with the ornibactin producer H111∆pchAB, the 157 non-producer had severe fitness disadvantages at all the frequencies ( Fig. 3l ; F1,29= 1.24, p = 158 0.2730). orbA are part of the same operon, we hypothesize that mutations in orbJ might have negative 162 effects on the downstream orbA gene (Fig. S3 ). Such negative effects could include lower orbA 163 expression levels or altered mRNA stability, which would in turn curb receptor synthesis and 164 cheating opportunities. To test this hypothesis, we compared the mRNA levels of orbA in the 165 wild type relative to our three deletion mutants ( Fig. 4a ). Compatible with our hypothesis, we 166 found that the amount of orbA mRNA was significantly reduced in H111∆orbJ and 167 H111∆orbJ∆pchAB, the two strains lacking the upstream orbJ gene (one-tailed t-tests relative 168 to the wild type; H111∆orbJ: t8 = -21.38, p < 0.0001; H111∆orbJ∆pchAB: t8 = -19.62, p < 169 0.0001). Conversely, orbA mRNA levels remained unchanged in H111∆pchAB, which 170 possesses an intact orbJ (t8 = 1.71, p = 0.1250). If our hypothesis is correct then negative effects 171 caused by orbJ mutations should only affect downstream but not upstream genes. In support 172 of this, we found that mRNA levels were not negatively affected in the upstream gene orbI, 173 and even slightly increased in H111∆orbJ (t8 = 5.34, p < 0.001) and H111∆orbJ∆pchAB (t8 = 174 11.63, p < 0.0001; Fig. 4b ).
175 176 We expect such linkage-based negative effects to be absent for pyochelin because the genes 177 for synthesis and uptake are organized in separate operons ( Fig. S3 ) 32 . However, the regulation 178 of pyochelin is complicated for two reasons. First, due to its relatively low iron affinity, 179 pyochelin is typically considered as a secondary siderophore 35 , regulatorily suppressed by 180 primary siderophores such as pyoverdine 36 and ornibactin 37 . Second, pyochelin itself is a 181 signalling molecule, which triggers its own expression 38 . Thus, it is hard to predict how the 182 deletion of pchAB would affect mRNA levels of the fptA receptor gene and the pyochelin 183 synthesis gene pchE in H111∆pchAB (where signalling is impaired) and in H111∆orbJ∆pchAB 184 9 (where ornibactin inhibition and signalling are impaired). However, we predicted that mRNA 185 levels for fptA and pchE should follow the same pattern. In line with this prediction, we 186 observed that the expression of both fptA ( Fig. 4c ) and pchE ( Fig. 4d ) were significantly lower 187 in H111∆pchAB compared to the wildtype (t-test; for fptA: t8 = 20.66, p < 0.0001; for pchE: t8 188 = 10.74, p < 0.0001), probably due to the impaired signalling. These genes were also similarly 189 expressed in H111∆orbJ∆pchAB, but no longer differentially from the wildtype, probably 190 because ornibactin-mediated repression is released in this mutant. Second, we repeated the competition assays using H111∆orbJ∆pchAB:orbA as the potential 213 cheater strain (Fig. 6 ). Similar to our previous finding ( Fig. 3) , we found that this siderophore 214 negative mutant could act as cheater and significantly outcompete the wild type (t23 = 7.84, p 215 < 0.0001) and the pyochelin producer H111∆orbJ (t23 = 5.93, p < 0.0001). However, in stark There is a comprehensible tendency in biology to extrapolate from work on model organisms 223 to the large diversity of non-modal systems existing in nature 39 . In this context, research on the 224 production and sharing of pyoverdine by the opportunistic human pathogen P. aeruginosa has 225 become a prime example of cooperation in bacteria. Findings from this study system - 226 including the observation that pyoverdine-deficient mutants act as cheaters, potentially 227 bringing cooperation to collapse 7 , and that cheaters perform best in shaken cultures 34 , at high 228 cell density 29 and when rare 27have often been interpreted as hallmarks of microbial 229 cooperative systems 15, 16, 40, 41 . Here, we studied siderophore production in B. cenocepacia H111 230 and found that patterns of siderophore sharing and exploitation can be very different from the 231 ones reported for P. aeruginosa. Most importantly, we observed that secreted ornibactin (the 232 primary siderophore of this species) cannot be exploited by non-producers because the genetic 233 architecture of the ornibactin locus implies that a deficiency in siderophore production leads to 234 11 the concomitant down-regulation of ornibactin receptor production. Moreover, we found that 235 pyochelin (the secondary siderophore of B. cenocepacia H111) can be efficiently exploited by 236 non-producers, but the relative success of cheaters was independent of cell density, and highest 237 in static cultures and when wild-type B. cenocepacia was rare, thus opposite to the patterns 238 observed for pyoverdine in P. aeruginosa. Our findings highlight that we have to be careful 239 with extrapolations, even for closely-related systems such as pyoverdine and ornibactin, but 240 rather embrace the diversity offered by nature, which can lead, as in our case, to new 241 discoveries and offer a more complete picture of the diversity of social interactions in microbes.
243
We have discovered a novel mechanism that secures benefits of secreted siderophores to 244 producers and limits the ability of non-producers to partake in public goods use. This 245 mechanism entails tight linkage between the ornibactin synthesis and receptor genes as part of 246 the same operon. A consequence of this linkage is that a deletion in the synthesis gene 247 negatively affects the down-stream receptor gene, such that ornibactin non-producers are short 248 of receptors for ornibactin uptake. Reduced receptor availability is best demonstrated by our 249 supernatant feeding assays showing that the siderophore non-producer H111∆orbJ∆pchAB can 250 still uptake ornibactin to some extent ( Fig. 2a ), but growth stimulation was much reduced 251 compared to pyochelin and relative to our engineered strain overexpressing the ornibactin 252 receptor gene (Fig. 5a ). While we used an engineered strain to demonstrate this effect (in-frame 253 orbJ deletion), we suggest that the same effects would arise for many types of natural probably not affect down-stream receptor expression. However, such mutations would most 264 likely also not lead to the abrogation of ornibactin production and thus not turn producers into 265 potential cheaters. These considerations show that the discovered mechanism likely confers a 266 robust way to prevent the spread of ornibactin null mutants as cheaters.
268
If the linkage of siderophore synthesis and receptor genes within the same operon is such a 269 powerful mechanism to prevent cheating, why is it then not ubiquitous across siderophore 270 systems? For instance, in the case of pyochelin (B. cenocepacia and P. aeruginosa) and 271 pyoverdine, the regulation of siderophore and receptor synthesis are partly decoupled 31,32,43 . 272 One possible explanation is that there is a trade-off between the prevention of cheating and the 273 flexibility that can be obtained from independent receptor regulation. Flexible receptor 274 regulation could confer an advantage when bacteria arrive in environments where there is 275 already a pool of secreted siderophores available. In this scenario it was shown for P. 276 aeruginosa that bacteria rather rely on pyoverdine recycling than on de novo production to 277 satisfy their need for iron 44,45 . This economic mechanism, which can only work if cells are able 278 to selectively up-regulate receptor synthesis, also helps siderophore producers to be 279 competitive against cheaters 45 . This indicates that natural selection might offer multiple 280 solutions to cope with cheating, and regulatory linkage is only one of them. multiple traits 46-52 . For instance, Dandekar et al. 48 showed that mutants deficient in the LasIR 285 quorum-sensing (QS) system in P. aeruginosa could cheat on cooperative protease production, 286 but exhibited metabolic insufficiencies in certain media, because this QS system also controls 287 the expression of enzymes required for nutrient degradation. While this pleotropic effect 288 prevented cheating in their study system, the view that regulatory linkage between traits has 289 evolved to stabilize cooperation, has recently been challenged 53 . The arguments are that genetic 290 linkage can break and that cooperation likely selects for pleiotropy and not the other way round. 291 Put simply, if a regulatory element like a cooperative QS system is in place, it makes economic 292 sense to recruit more than one trait under this regulon, leading to linkage. We believe that our 293 system is different from the ones considered above, because the synthesis and uptake of 294 siderophores are parts of the same trait, and the genetic architecture thus involves some level 295 of linkage and physical proximity in the genome (Fig. S3) We now turn to pyochelin of B. cenocepacia and ask why the patterns of successful cheating 307 were so different from the ones reported for pyoverdine in P. aeruginosa (Fig. 3) . While 308 additional experiments would be required to conclusively answer this question, we can offer 309 14 the following tentative explanations. Comparative work across more than a hundred bacterial 310 species revealed that siderophores differ fundamentally in their chemical properties, which 311 determine their level of shareability in the community 20 . Pyochelin, for instance, is a lot smaller 312 and more diffusible than pyoverdine and cheaper to produce 35, 36 . We propose that these 313 differences might explain some of the variation in the observed fitness patterns (Fig. 3) . 314 Because of its larger size, pyoverdine diffuses less readily, and this could explain why the non-315 producers' access to this siderophore is increased in shaken cultures and at high cell density. 316 In contrast, the higher diffusivity of pyochelin could lead to a more homogenous distribution 317 of the siderophore across cells even under static and low density conditions, and thus cancel 318 shaking and density effects (Fig. 3e+h) . Meanwhile, our observation that pyochelin cheaters 319 perform best when common ( Fig. 3k ) could be explained by the relatively low pyochelin 320 production costs. The logic is the following: when non-producers are rare, producers can afford 321 losing a low number of cheap molecules without large fitness costs. However, when non-322 producers are common, the burden to producers is expected to increase because most pyochelin 323 molecules will be lost to non-producers due to their high diffusivity. The scenario seems 324 different for pyoverdine, where high production costs already impose significant fitness losses 325 at low cheater frequencies, whereas lower diffusivity constrains the cheaters' access to the 326 siderophore at high frequency 27 . 327 328 In summary, we have established a new system to study siderophore-meditated social 329 interactions in bacteria. Our experiments revealed yet unknown dynamics between cooperative 330 producers and exploitative cheaters and identified a novel mechanism of how cooperators can 331 become resistant to cheating. While our study helps to obtain a more nuanced picture on the 332 socio-biology of siderophores, it also highlights that there is likely an enormous diversity of 333 15 social interactions out there in nature, and by focussing on model organisms such as P. 334 aeruginosa we might have so far only looked at the tip of the iceberg. to as wild type) produces two siderophores, ornibactin and pyochelin 42,55 . This species further 340 possesses a membrane-embedded siderophore-independent iron uptake mechanism 23 , which 341 we did not focus on in this study because its contribution to iron uptake is relatively minor 342 under the culturing conditions used. We further used in-frame deletion mutants defective for 343 either the production of ornibactin (H111∆orbJ), pyochelin (H1111∆pchAB) or both ornibactin 344 and pyochelin (H111∆orbJ∆pchAB); see Mathews et al. 23 we used casamino acids medium (CAA: 5 g/l casamino acids, 1.18 g/l K2HPO4 × 3H2O, 0.25 359 g/l MgSO4 × 7H2O, 25 mM HEPES). The CAA was supplemented with either 100 µM 2,2'-360 bipyridine, a strong iron chelator inducing iron starvation (henceforth, iron-poor), or 100 µM 361 FeCl3 to make the medium iron-replete (henceforth, iron-rich). The concentrations of 2,2'-362 bipyridine and FeCl3 were chosen based on the outcome of an initial growth experiment, where 363 we subjected the wildtype and the mutant strains to a range of 2,2'-bipyridine and FeCl3 364 concentrations. This experiment was carried in a 96-well plate, where bacterial strains were 365 inoculated in 200 µl CAA medium at the starting density of OD 600 = 1x10 -4 . The plates were 366 incubated at 37°C in a microplate reader (SpectraMax Plus 384, Molecular Devices, USA) and 367 the growth was monitored by measuring OD at 600 nm every 15 min for 24 hrs. The plates, 368 otherwise maintained as static cultures, were shaken for 10 seconds prior to measuring OD. 369 This preliminary experiment revealed that the growth of H111∆orbJ∆pchAB was significantly 370 compromised with 100 µM 2,2'-bipyridine, whereas the wildtype and the two single 371 siderophore mutants could still grow well (Fig. S2 ). H111∆orbJ∆pchAB, supernatants should not contain any siderophores. To generate 392 supernatants, we grew the strains in 50 ml falcon tubes either containing 10 ml iron-rich or 393 iron-poor CAA. The tubes were incubated at 37°C with shaking (220 RPM) for 24 hrs, after 394 which we centrifuged the grown cultures at 5000 RPM for 3 min at room temperature, and 395 filter sterilized the supernatants with 0.2 µm filters. The supernatants were either used fresh or 396 stored at -20°C until use. To test whether the siderophore-negative mutant 397 (H111∆orbJ∆pchAB) can benefit from secreted siderophores in the supernatant, we grew this 398 strain in a medium containing 70% CAA (either iron-rich or iron-poor) supplemented with 399 30% supernatant. We opted for a full-factorial design, where the growth effects of supernatants 400 from both iron-poor and iron-rich conditions on H111∆orbJ∆pchAB were examined in both 401 iron-poor and iron-rich media. We performed the experiments in 96 well plates, with a starting 402 inoculum of OD 600 nm = 0.01, and static incubation at 37°C. We finally measured the growth 403 of the double knockout at OD 600 nm after 24 hrs. Trimethoprim (100 μg/ ml) and verified by PCR as well as sequencing. We found that the 471 overexpression of orbA in H111∆orbJ∆pchAB (H111∆orbJ∆pchAB:orbA) mildly but 472 significantly affected its growth and the relative fitness compared to its parental strain 473 H111∆orbJ∆pchAB both in iron-rich and iron-poor media (Fig. S4 ). We repeated the 474 supernatant assays and the competition assays described above using H111∆orbJ∆pchAB:orbA 475 to test whether this strain can cheat siderophore producers. For the competition assays we 476 corrected relative fitness values for the intrinsic fitness costs associated with plasmid carriage. 
